Using perturbation facilitated infrared-infrared double resonance excitation of the 85 Rb 2 molecule, we have observed spectrally resolved fluorescence to the a 3 ⌺ u + state. We have analyzed the rovibrational energy level structure of the 85 Rb 2 a 3 ⌺ u + state and derived a multiparameter Morse Long Range ͑MLR͒ potential and molecular constants for this state, which can be used to predict term values without needing to solve the radial Schrödinger equation.
I. INTRODUCTION
The Rb 2 triplet ground state, a 3 ⌺ u + , is of great interest because of its important role in laser cooling and cold atom ͑molecule͒ collisions ͑see Refs. 1-6 and references therein.͒ Theoretical calculations indicate that the a 3 ⌺ u + state has a shallow well. [7] [8] [9] Tsai et al. 10 reported binding energies of a few of the highest near-dissociation levels of the ground triplet and singlet states of Rb 2 and derived the most accurate absolute energy, to our knowledge, at the dissociation limit of the singlet ground state E D = 3993.53Ϯ 0.06 cm −1 ; the hyperfine splitting lifts dissociation limits of other components by 0.101 25 or 0.202 50 cm −1 , while the hyperfine center of gravity is located at 3993.65͑6͒ cm −1 . Boesten et al. 11 reported the experimentally determined leading dispersion coefficient C 6 = 4550Ϯ 100 a.u. Lang et al. reported in their recent work ͑Ref. 12͒ the binding energy of the lowest rovibrational level of the 87 Rb 2 a 3 ⌺ u + state. In the current work we have performed a complex study of the rovibrational structure of the Rb 2 a 3 ⌺ u + state by combining our new rovibrational data for 85 Rb with other available information.
II. EXPERIMENT
The experimental setup shown in Fig. 1 was similar to the one used in our earlier work on the Cs 2 triplet ground state. 13 However, to resolve the fluorescence, we were able to use the BOMEM DA8 Fourier transform infrared ͑FTIR͒ interferometer for stronger signals with an absolute accuracy of ϳ0.05 cm −1 . For weaker signals, the SPEX 1404 double monochromator was used. It has an absolute accuracy of ϳ0.2 cm −1 .
The rubidium vapor was produced in a heat pipe held at a temperature of 200°C. Argon gas was used as a buffer gas at about 1.5 Torr. Two lasers were used to excite the molecules. A titanium:sapphire laser ͑Coherent 899-29͒ was used as the pump laser and a diode laser ͑Toptica DL 100͒ with the laser output peak intensity at 980 nm was used as the probe laser. The counterpropagating pump and probe lasers were focused to a beam waist of about 1 mm and overlapped at the center of the heat pipe. The pump beam was tilted to a small angle relative to the probe beam to avoid interference with the diode laser frequency locking mechanism. Lenses L 1 and L 2 with focal lengths of 1000 and 100 mm, respectively, were used to focus the probe laser, while lenses L 3 and L 4 with focal lengths of 1000 and 750 mm were used to focus the pump laser. A Burleigh 1600 wavemeter was used to read the frequency of both the titanium:sapphire and the diode laser beams. The absolute accuracy of the wavemeter is ϳ0.001 cm −1 . To prevent retroreflections from destabilizing the diode laser being locked to a single longitudinal mode, an optical isolator ͑Optics for Research, IO-5-TS3-HP͒ was used at the diode laser. The pump laser selectively excited a mixed
rovibrational levels were characterized by the following: T͑n cc =85,J =30͒ = 11 511.758 cm −1 ͑0.31/ 0.69͒, T͑n cc =85,J =50͒ = 11 542.780 cm −1 ͑0.53/ 0.47͒, and T͑n cc =85,J =70͒ = 11 585.232 cm −1 ͑0.80/ 0.19͒, where n cc is an index for counting the vibrational levels in order of increasing energy in both the b 3 ⌸ u and A 1 ⌺ u + states and is not a quantum number. The numbers in parentheses denote the ratios of the A 1 ⌺ u + and b 3 ⌸ u state characters. 14 The pump upper level is not a pure singlet or triplet state since most rovibrational levels in this region have both singlet and triplet characters due to the strong spin-orbit interaction. Using such a mixed level as an intermediate level makes it possible to gain access to the higher lying triplet states, which then fluoresce to the triplet ground state a 3 ⌺ u + . The probe laser was scanned for IR-IR double resonance excitations in higher triplet states and the dispersed fluorescence to the a 3 ⌺ u + state was then detected and recorded by using the SPEX 1404, 0.85 m dual-grating monochromator or the BOMEM DA8 FTIR equipped with an avalanche photodiode detector. Two filters from Reynard Corp. SWPF 625, 600 were used together with a low pass 750 nm filter from North China Research Institute of Electro-optics ͑NCRIEO͒ to reduce the scattered light from the Titanium:Sapphire laser and the HeNe laser. However, most IR-IR signals were too weak for fluorescence detection by the BOMEM FTIR.
The probe beam was modulated by using a mechanical chopper with a frequency of about 850 Hz. The IR-IR double resonance signal was then observed by using a photomultiplier tube ͑PMT͒ equipped with a filter, Reynard Corp. SWPF 750 nm, at the side arm of the heat pipe. The PMT output signal was connected to a lock-in amplifier ͑Stanford Research SRS-850͒. The signal observed with the lock-in amplifier was then optimized by changing experimental parameters, such as the laser beam overlap.
The IR-IR double resonance fluorescence was collected with an optical fiber and focused to the monochromator entrance slit. A pierced mirror was used in front of the heat pipe window to collect the light, while also allowing the laser beam to propagate through the same mirror. The molecular fluorescence was then focused by lens L 5 , with 1000 mm focal length, to the tip of an optical fiber ͑Thorlabs BFL48-1000; multimode, 1000 m core͒. The other end of the fiber was aligned for optimal coupling to the monochromator. Two lenses were used in the path of the diverging fluorescence from the fiber for optimal coupling through the monochromator entrance slit. For the BOMEM FTIR detection, the end of the fiber was placed on a translation stage, and the fluorescence was focused to a point, which was identified by using in the reverse direction an external alignment bench equipped with a white light source. A sample of the fluorescence resolved by the BOMEM DA8 FTIR interferometer is presented in Fig. 2 , and samples of the fluorescence resolved by the SPEX 1404 monochromator can be seen in Fig. 3 .
III. RESULTS AND ANALYSIS
Bound-bound fluorescence from eight excited state levels of the 85 Rb 2 molecule to the a 3 ⌺ u + state was observed. The term values and rotational quantum numbers of these upper state levels are listed in Table I . In total, 19 spectra were recorded with the SPEX 1404 monochromator ͑there were two or three scans of the fluorescence from each of the excited levels observed͒ and two spectra were recorded with the BOMEM DA8 FTIR. The ab initio parameters of the and R rotational branches are fairly well resolved. We have not observed any hyperfine splitting.
In the analysis, we performed a direct global fit of the available data for the Rb 2 a 3 ⌺ u + state to a multiparameter Morse long range ͑MLR͒ potential. 15 The MLR potential used is described by the following equation:
where E D is the absolute energy at the dissociation limit, D e is the well depth, R is the nuclear separation, R e is the equi-librium internuclear separation, N and M are the leading and the next leading powers of the theoretically predicted inverse-power long-distance asymptotic behavior
and M = 8 for the Rb 2 a 3 ⌺ u + state͒, and p is a Šurkus parameter 16 ͑positive integer as a rule͒. Following recommendations of Ref. 17 , we used the value p = 4 for the Šurkus parameter.
In the analysis, the term values were simulated with this potential function using the familiar Numerov algorithm, 18 while the parameters ͑R e , D e , ␤ k , and a͒ were fitted from the set of experimental and theoretical data, which included the following:
͑1͒ 19 SPEX 1404 spectra of the bound-bound fluorescence into the 85 Rb 2 a 3 ⌺ u + state. The intensity data were simulated directly via a procedure described below. The experimental scans were used as they were observed; no additional steps such as the wavelength or intensity calibration were performed independently of the global fit. ͑2͒ Term values of the 85 Rb 2 a 3 ⌺ u + state extracted from two BOMEM spectra. These term values are listed in Table II from Ref. 19 . ͑6͒ Experimental energy E D = 3993.65Ϯ 0.06 cm −1 of the dissociation limit ͑i.e., the value of Ref. 10 recomputed to the center of gravity of hyperfine structure͒ was included in this set at the first step of the procedure with the aim to establish the correct zeroth order approximation. However, it was excluded at the final step so that the E D value of the MLR potential function varied 
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Rb dimer triplet ground state potential J. Chem. Phys. 131, 094505 ͑2009͒ freely. We believe this approach is reasonable as our data did not allow us to infer which hyperfine components were observed in our experiment.
The dispersion coefficients were included into the set of the input data explicitly and compared to the theoretical predictions of the MLR function,
The model used for the simulation of the SPEX 1404 boundbound fluorescence is comprised of the following elements.
͑1͒ Background signals were modeled by the smoothing cubic spline functions. ͑2͒ Line profiles were modeled by the Gaussians with the same half-width; the spectral line sets included Rb 2 lines, the Ne lines introduced for wavelength calibration, and a few unassigned lines.
͑3͒ Rb 2 line wavelengths were computed from the MLR potential via the Numerov algorithm. ͑4͒ The vacuum wavelengths of the Ne lines were taken from the atlas 20 and are fixed. Fig. 5͑a͒ show their uncertainties, which defined their weights used in the fit.
͑5͒ Unassigned line wavelengths were varied to fit the spectra. ͑6͒ Intensities of all the lines were varied to fit the spectra. ͑7͒ In different spectra involving the same transitions, the Rb 2 spectral line intensities were the same up to a common factor, i.e., the intensities in one of the spectra were multiplied by this factor to determine the intensities in other spectra that included this transition. ͑8͒ The simulated line positions were recomputed into the wavelength scale of the SPEX 1404 scans. Wavelength scale nonlinearities of the SPEX 1404 scans were de-scribed by polynomials, the coefficients of which were varied to fit the spectra in the same manner as the parameters of the potential and of the overall model. An example of these nonlinearities is illustrated in Fig. 4 .
Samples of the simulation of the SPEX 1404 fluorescence are shown in Fig. 3 . Term values derived from the SPEX 1404 fluorescence spectra using the wavelength calibration function resulted from the global fit described above are reported in Ref. 21 along with the same term values calculated with the final MLR potential. Figure 5 illustrates the final quality of the term values simulation with our MLR potential. Along with the experimental term values used in our fit, the experimental term values of Ref. 10, which were not used in our fit, for the pure triplet components F = 6 and F = 5 by Tsai et al. are also shown. They were reproduced accurately with our final potential neglecting the hyperfine splitting, the analysis of which is beyond the scope of the current work. The separations of N =2, F =5 ͑downward tri-angles͒ and 6 ͑upward triangles͒ shown in Fig. 5͑a͒ are the hyperfine spacing which is not included in this paper. According to our calculations, the levels, numbered in Ref. 10 as v = −1 , −2 , −3 , −4, have the absolute vibrational quantum numbers v = 38, 37, 36, 35. Table IV were either computed from the MLR potential directly or estimated by using the well known expressions [22] [23] [24] for the Dunham coefficients,
The remaining parameters were fitted to a set of term values simulated with this potential. The standard deviation of the term values computed with these Dunham coefficients from the ones computed with the MLR potential is ϳ0.02 cm −1 for the set of terms observed in our experiments. The final MLR potential function is shown in Fig. 6 Table  IV with the aim to check their quality.
IV. CONCLUSION
To conclude, we have observed the rovibrational levels of the Rb 2 a 3 ⌺ u + state by perturbation facilitated IR-IR double resonance excitation and spectrally resolved fluorescence measurements and derived a multiparameter MLR potential and molecular constants based on these data.
